Abstract Speech is the physical signal used to convey spoken language. Because of its physical nature, speech is both easier to compare with other species' behaviors and easier to study in the fossil record than other aspects of language. Here I argue that convergent fossil evidence indicates adaptations for complex vocalizations at least as early as the common ancestor of Neanderthals and modern humans. Furthermore, I argue that it is unlikely that language evolved separately from speech, but rather that gesture, speech, and song coevolved to provide both a multimodal communication system and a musical system. Moreover, coevolution must also have played a role by allowing both cognitive and anatomical adaptations to language and speech to evolve in parallel. Although such a coevolutionary scenario is complex, it is entirely plausible from a biological point of view.
Speech is the most physical aspect of language, and as such is the most promising aspect to study in the context of the (biological) evolution of language. However, even for speech, individual facts tend to be equivocal, such that there is no consensus about the interpretation of the evidence that exists. Moreover, some researchers consider the physical instantiation of language to be unimportant for the study of its evolution, because the physical dynamics are seen as a separate, ancillary process that is only used for externalization (Chomsky, 2007) .
Perhaps it is useful to start by making a case that the vocal tract did indeed undergo selection related to vocal communication. First of all, the human vocal tract is different from that of other primates: not just is the larynx lower, but humans also have a much bigger gap between the larynx and the velum than do other primates, and even than do other mammals with permanently lowered larynges (increasing the risk of choking on one's food; e.g., Heimlich, 1975) . Moreover, the human vocal tract may be optimized for vocalization (de Boer, 2010 (de Boer, , 2012 ; but see Badin, Boë, Sawallis, & Schwartz, 2014) . Furthermore, as compared to other apes, we lack air sacs (Fitch, 2000) and have better breathing control (MacLarnon & Hewitt, 2004) . In summary, humans have a higher risk of choking while eating but are better at producing carefully controlled vocalizations. Therefore, following Parker and Maynard Smith (1990) , who observed that optimization for a function often indicates selective pressure related to that function, it seems likely that humans have undergone selective pressure related to speech.
In this opinion piece, I want to address three questions about the evolution of speech and its relation to the evolution of language:
1. How long ago did adaptations for speech evolve? 2. To what extent did speech and language evolve independently? 3. Is anatomy or cognition primary?
The first question is important, because it not only addresses the issue of how long ago hominins started to speak, but also indirectly addresses the wider issue of how much time has been available for the evolution of language. However, the importance of this evidence depends on the second question: Could physical adaptations of the vocal tract to produce more complex and more flexible vocalizations have evolved independently from cognitive adaptations (e.g., for ecological reasons: Fitch & Hauser, 2002; Hombert, 2010) ? And, even if cognitive adaptations did evolve in parallel, were they really related to language, or could they have been used for something else? This question has two sides: Could complex vocalization have evolved for something other than language (e.g., for singing : Fitch, 2010, chap. 14; Mithen, 2007) , and could language have (initially) evolved without complex vocalizations (e.g., through a gestural origin: Corballis, 2002) ?
Finally, many conclusions have been based on anatomical evidence for or against the ability to produce complex vocalizations. However, this assumes that (modern) language somehow depends on modern anatomy, and the question is whether this is true.
Paleontological evidence for speech
To answer the question of when adaptations to speech first appeared, it is useful to review the paleontological evidence (Barney, Martelli, Serrurier, & Steele, 2012; Dediu & Levinson, 2013; Fitch, 2009 ). The oldest and most controversial evidence is about the position of the larynx. Lieberman and Crelin (1971) reconstructed the Neanderthal vocal tract on the basis of observations of fossils and of the infant modern human vocal tract. They then used a computer model to calculate the acoustic properties of articulations that could be made with the reconstructed vocal tract. They concluded that Neanderthals were not able to produce the complete range of sounds that modern humans can make. Although this work was groundbreaking in its method, the results have not been universally accepted, in part because their reconstruction was considered wrong (Arensburg, Schepartz, Tillier, Vandermeersch, & Rak, 1990; Schepartz, 1993) , but also because the computer model explored only a small set of articulations (Boë, Heim, Honda, & Maeda, 2002 ; but see also de Boer & Fitch, 2010) . More recent reconstructions and computer models have tended to lead to the conclusion that Neanderthals had articulatory abilities similar to those of modern humans (Boë et al. 2002) . The main obstacle preventing consensus is that there is no universally accepted reconstruction of the Neanderthal vocal tract on the basis of the fossils we currently have. Nevertheless, more recent review articles have tended to attribute modern human-like articulatory abilities to Neanderthals (Barney et al. 2012; Dediu & Levinson, 2013) .
A recent study (D'Anastasio et al. 2013 ) circumvented the problems of a direct reconstruction of the vocal tract by looking only at the internal composition of a Neanderthal hyoid bone (Arensburg et al. 1989 ). Although it was already known that the shape of the Neanderthal hyoid bone falls within the range of modern human possibilities (Arensburg et al. 1990 ), D'Anastasio et al. found that in addition, the ways in which muscles attached to it and exerted stresses on it are indistinguishable between modern humans and Neanderthals.
Fossil hyoid bones are important for another reason, because they are associated with the presence of air sacs (Fitch, 2000; Steele, Clegg, & Martelli, 2013 , for a recent review). All great apes except modern humans have air sacs, and both acoustic analysis (de Boer, 2009; Riede, Tokuda, Munger, & Thomson, 2008) and experiments (de Boer, 2012) have indicated that their presence would decrease the understandability of vocalizations. Fossil hyoid bones of Neanderthals (Arensburg et al. 1989) , Homo heidelbergensis (Martínez et al. 2008) , and contemporaries (Capasso, Michetti, & D'Anastasio, 2008) indicate that they most likely did not have air sacs, whereas a hyoid fragment (a bulla) of Australopithecus afarensis that is shaped like that of a chimp a n z e e ( A l e m s e g e d e t a l . 2 0 0 6 ) i n d i c a t e s t h a t Australopithecines most likely did have air sacs. Still, this is only indirect evidence, since air sacs may have disappeared in human evolution for other reasons, such as prevention of hyperventilation during long calls (Hewitt, MacLarnon, & Jones, 2002) .
MacLarnon and Hewitt (1999 Hewitt ( , 2004 have also proposed a different fossil indication of the evolution of speech: the thoracic vertebral canal. They argue that a larger thoracic vertebral canal indicates a larger number of neural fibers, and that this can be used to investigate how well the intercostal muscles are controlled. Better control is needed for the extremely long and accurate outbreaths that are used in speech. These researchers found that the thoracic vertebral canal is relatively larger in modern humans and Neanderthals than in other apes, whereas Homo ergaster had a thoracic vertebral canal of the size that would be expected in an ape their size.
Finally, Martínez et al. (2004) proposed that the hearing of Homo heidelbergensis was similar to that of modern humans, whereas that of chimpanzees and earlier hominins was different. They interpreted this as an indication that modern human (and Neanderthal) hearing is specialized for speech, because it is more sensitive to frequencies in the range of 2-4 kHz. However, it has to be noted that this is rather higher than what is usually considered essential for speech (300-3300 Hz was considered sufficient for analog telephone speech).
Although none of the individual pieces of evidence are unequivocal, when they are taken together a relatively consistent picture emerges: Both Homo sapiens and Neanderthalsand by extension their latest common ancestor, who lived about 400,000 years ago-have the same anatomical adaptations to speech, whereas earlier species were probably different. This indicates that the ability to produce complex vocalizations was already present 400,000 years ago. Moreover, the observed changes are very diverse, but they are all explained by the evolution of complex vocalization.
Does speech imply language?
Even if one accepts that adaptations for complex vocalizations evolved around 400,000 years ago, this does not necessarily mean one accepts that language evolved at that time, as well. Two alternatives are possible: that language (in the sense of a learned symbolic and open-ended communication system) came before speech, or that language came after. The first position requires that language was initially conveyed through some other medium, and the gestural-origins hypothesis proposes just that (Corballis, 2002) . The second position requires that complex vocalizations were originally used for a different purpose, and this is what is advocated by the musical-origins hypothesis (Fitch, 2010, chap. 14; Mithen, 2007) . Both positions, in my opinion, are unlikely.
It is unlikely that language first evolved in the gestural modality and later shifted to the acoustic modality, because even if the acoustic modality has certain advantages (e.g., one can use it in the dark), evolution tends to stick with solutions that work well but are not necessarily optimal. There is certainly a very good case for the multimodal origins of language (and for language still being multimodal today; see, e.g., Goldin-Meadow & Alibali, 2013), because other apes (and by homology, our latest common ancestor) are more flexible in using gestures than in using vocalizations (Pika, Liebal, Call, & Tomasello, 2005; Pollick & de Waal, 2007) , and because their communication is generally multimodal anyway (Kita, Özyürek, Allen, & Ishizuka, 2010) . Nevertheless, apes do show some flexibility in vocalization (Crockford, Herbinger, Vigilant, & Boesch, 2004; de Boer & Perlman, 2014; Perlman, Patterson, & Cohn, 2012; Wich et al. 2009 ). It therefore seems plausible that vocalizations have played a role in language from the beginning, and that this has caused selective pressure on the vocal tract and other systems involved in speech production and processing.
The hypothesis that vocalizations were first used for music (in the form of song) is also problematic, not because music cannot be old or important, but because it seems unlikely that the extra cognitive abilities needed for music would not also directly have given our ancestors an ability for (simple) language. The prelinguistic cognitive abilities of the latest common ancestor with apes, derived from comparisons of ape abilities, consist of the ability to learn a sizable lexicon of form-meaning mappings (800 words in gorillas, Patterson & Cohn, 1990; and chimpanzees, Savage-Rumbaugh, McDonals, Sevcik, Hopkins, & Rubert, 1986) and the ability to do basic semantics (Hurford, 2007) . The innovations needed for music are vocal imitation and vocal control. In addition, if music is to be a social activity (as it appears to be in humans), an ability for music also includes the ability to cooperate, and to do so vocally. It therefore seems more parsimonious to propose that language and music evolved together and are most likely two sides of the same coin than to propose that music evolved much earlier than language. This does not mean that there can be no cognitive specializations for either. The increasing complexity of language and song (under the influence of coevolution; see the next section) could, for instance, lead to linguistic cognitive abilities to deal with complex combinatorial meaning and syntactic structure, as well as musical cognitive abilities to deal with complex rhythm and harmony. Moreover, it should be noted that proponents of musical protolanguage tend to situate the starts of their evolutionary scenarios earlier than 400,000 years ago, usually around the period of Homo erectus, so the theory deals with the earliest precursors of language.
These two points indicate that speech and language most likely evolved together, and that we can therefore assume that the beginnings of language are at least 400,000 years old as well.
Coevolution of speech and cognition
A final issue is the relation between cognition and anatomy. Are anatomical innovations the primer for language to arise, or are cognitive adaptations? It is true that anatomical innovations allow for a larger and more fluent set of utterances, and that this puts pressure on the cognitive systems dealing with speech. Also, it has been shown that self-organization under functional constraints can explain, without recourse to specialist cognitive mechanisms, aspects of language such as the structure of vowel and consonant systems (de Boer, 2000; Lindblom, MacNeilage, & Studdert-Kennedy, 1984; Oudeyer, 2005) and the emergence of combinatorial structure (Zuidema & de Boer 2009 ). On the other hand, it has been pointed out that essential ingredients for speech, such as vocal control and the ability to imitate, are lacking in other apes, and by homology in our latest common ancestor (Ackermann, Hage, & Ziegler, 2014; Fitch, 2010, chaps. 4 and 9) .
Anatomy and cognition are expected to coevolve under the influence of self-organization: When a small anatomical or cognitive innovation occurs, self-organization will cause this to be reflected in the language. This will then change the selective pressure on either the cognitive system or the anatomy, thus creating the potential for further adaptations (de Boer, 2016) . For instance, selforganization causes the vowel space to be used maximally, but this causes a selective advantage to speakers with a slightly better articulatory ability. Without the effect of self-organization, such modifications would not have an advantage. Thus, self-organization also helps overcome the problem of the frequency dependence of the selective advantage of adaptations to language (i.e., what use is an adaptation to language if you are the only one to have it?). Self-organization causes phenomena to emerge in a language that the language users can then adapt to.
The evolution of cognitive and anatomical adaptations is therefore inherently a process of coevolution, and it is misleading to speak about one being more important than the other. Nevertheless, there are arguments for cognitive adaptations being the triggering factor. First, self-organization, in the sense investigated in the articles referred to above, would only be possible if certain cognitive innovations, such as flexibility in vocalization and the ability to do vocal imitation, were already present. In that respect, it is clear that historically, certain cognitive adaptations must have occurred before selective pressure for vocal communication became an issue.
Second, even fully complex modern language is possible without a very large set of speech sounds. For instance, the Rotokas language only uses 11 phonemic contrasts (Firchow & Firchow, 1969) . These phonemes are dispersed through the available articulatory space, but this illustrates that a fully modern language does not need many acoustic building blocks; to make 11 phonemic contrasts, only a small subset of the modern articulatory space suffices. An example subset of 11 phonemes of English could be /p/, /b/, /m/, /f/, /v/, /w/, /h/, /i/, / /, /ɛ/, and /ae/. For the consonants, these only make use of bilabial/labiodental and laryngeal articulations (involving the lips or the vocal folds), and for the vowels, only tongue height/jaw opening is relevant. Such articulatory gestures can probably be made by other apes (Lameira, Maddieson, & Zuberbühler, 2014) . Although this system would be less robust to noise than most modern phoneme inventories, it would nevertheless be usable, and certainly more useful than no phonological system at all. Hence, even using only the articulatory capabilities of an ape vocal tract, a system with enough contrasts for a full language would be possible.
Conclusion
Convergent evidence for adaptations to complex vocalizations in Neanderthals and Homo heidelbergensis indicates that adaptations to producing complex vocalizations were already present 400,000 years ago. In combination with what we know about the prelinguistic abilities of other apes (and thus, of our latest common ancestor), it seems likely that some form of language must have been present as well. Given that even with a monkey-like vocal tract it is probably already possible to produce a range of articulations that is sufficient to be usable for language, it seems that cognitive adaptations must have triggered the emergence of language. However, I certainly do not wish to argue for a catastrophic scenario along the lines of the minimalist program (Chomsky, 2007) . I also do not think the evidence indicates transitions from radically different precursors, such as musical or gestural systems. Rather, the evidence reviewed here indicates a much more gradual process of coevolution between cognition and anatomy; between vocalizations, gesture, and communicative abilities; and between culture and biology, linked through selforganization. It is true that this coevolutionary account does not propose a clear causal factor that may potentially tell us when language emerged precisely, but the complexity of multiple coevolving systems is something that the field of language evolution has been coming to terms with over the last few decades (see also the contributions from the Evolang series of conferences in Cartmill, Roberts, Lyn, & Cornish, 2014) . A coevolutionary account is perhaps less spectacular, but it is much more plausible biologically.
